Background/Aims: Multiple exposures to anesthesia in children may increase the risk of developing cognitive impairment. Sevoflurane is an anesthetic that is commonly used in children during surgery. Cyclin-dependent kinase (CDK) 5 is involved in the regulation of sevoflurane-induced cognitive dysfunction, but the mechanistic details remain unclear. The present study evaluated the mechanism by which CDK5 mediates sevoflurane-induced cognitive dysfunction in mice. Methods: Hippocampal neurons were isolated from postnatal day 0 C57BL/6 mouse pups. Six-day-old wild-type mice were exposed to sevoflurane and then treated with the CDK5 inhibitor roscovitine. The effects on cognitive function were evaluated with the Morris water maze and neuronal damage in the hippocampus was assessed by immunohistochemical analysis. Results: CDK5 activation increased neuronal damage by inducing Tau/glycogen synthase kinase (GSK) 3β and suppressing extracellular signal-regulated kinase (ERK)/peroxisome proliferator-activated receptor (PPAR)γ/cyclic AMP response element-binding protein (CREB) signaling following exposure to sevoflurane. CDK5 inhibition by roscovitine administration alleviated sevoflurane-induced neuronal damage and cognitive impairment. Conclusions: Inhibiting CDK5 with roscovitine has neuroprotective effects against neuronal injury and cognitive dysfunction caused by sevoflurane anesthesia that are exerted via modulation of Tau/GSK3β and ERK/PPARγ/CREB signaling.
Introduction
General anesthetics can be neurotoxic to the developing brain [1] [2] [3] [4] , which is a major concern for children undergoing surgery. Multiple exposures to anesthesia, especially at an early age, can cause learning disabilities in children [5, 6] .
The hippocampus plays a central role in learning and memory [7] . Sevoflurane (2, 2,2-trifluoro-1-[trifluoromethyl]ethyl fluoromethyl ether) is one of the most frequently used volatile anesthetics for induction and maintenance of general anesthesia during surgery owing to its low blood-gas partition coefficient and low pungency [8] . Sevoflurane can easily cross the blood-brain barrier and affect central nervous system function [9] ; in fact, sevoflurane-induced toxicity has been shown to cause cognitive dysfunction in the developing brain [9] [10] [11] .
Cyclin-dependent kinase (CDK)5 is a serine/threonine protein kinase that forms complexes with p35 or p39 and is essential for neural development and function [12] . Downregulation of CDK5 has been shown to mitigate hippocampal degeneration and cognitive dysfunction. CDK5 inhibition activates cyclic AMP response element-binding protein (CREB), peroxisome proliferator-activated receptor (PPAR)γ, and extracellular signal-regulated kinase (ERK), which are important factors modulating neuronal plasticity [13] [14] [15] . Sevoflurane-induced cognitive dysfunction has been linked to Tau phosphorylation by CDK5; this activates glycogen synthase kinase (GSK)3β, leading to upregulation of proinflammatory cytokines and neuronal damage [8, 16, 17] .
The present study investigated the role of CDK5 in sevoflurane anesthesia-induced cognitive dysfunction in vitro and in vivo. We hypothesized that inhibiting CDK5 with roscovitine would alleviate sevoflurane-induced cognitive deficits and neuronal damage. We also examined the relationship between CDK5 and Tau/GSK3β and ERK/PPARγ/CREB signaling pathways in this process.
Materials and Methods

Animals
Animal experiments were approved by the Shanghai Tongji University School of Medicine Animal Care and Use Committee (Shanghai, China) and were performed in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (Department of Health and Human Services, NIH Publication No. 86-23, revised 1985) .
Pregnant mice were obtained from the Fudan University Animal Care Committee and were individually housed under standard laboratory conditions (12:12-h light/dark cycle, 22 °C, 60% humidity) with free access to tap water and food. Animals were allowed to adapt to the laboratory environment for at least 3 weeks prior to experiments.
Anesthesia exposure and ethics statement
Seven-day-old mice were used for experiments. Littermates were randomly divided into sevoflurane treatment and air-only control groups. Mice in the treatment group were exposed to 2.2% sevoflurane (~1.0 minimum alveolar concentration) for 2 h/day on 3 consecutive days. Anesthetic, O 2 , and CO 2 concentrations in the chamber were continuously monitored (GE Datex 5 Ohmeda; Soma Technology, Tewksbury, MA, USA). A warming blanket was used to maintain body temperature between 37 °C and 38 °C. Mice were returned to their cages after recovery. There was no mortality during administration of anesthesia or in the subsequent 2 weeks. After three consecutive doses of anesthetic, some mice in each group were euthanized with pentobarbital, and their brains were extracted and frozen in liquid nitrogen for protein and mRNA analysis. The remaining mice in each group were tested for learning and memory function when they reached the appropriate age.
To assess the role of CDK5 in sevoflurane-induced injury of hippocampal neurons, mice were intraperitoneally injected with the CDK5 inhibitor roscovitine (25 mg/kg) before sevoflurane anesthesia. 
Morris water maze (MWM) test
Learning and memory function was tested with the MWM as previously described [18] . Testing was carried out by an operator blinded to the treatment groups. The apparatus consisted of a round steel pool (diameter: 122 cm; height: 60 cm) that was filled with water to a level 1 cm higher than the top of a platform (diameter: 10 cm; depth: 30 cm). The pool was surrounded by a blue curtain with cues and was located in an isolated room (20 °C, 60% humidity). The water was maintained at 21 °C and opacified by adding titanium dioxide.
Testing was initiated on postnatal day 40-or day 34 from the beginning of sevoflurane exposure-and was continued for 5 days. The first four days (P40-P43) comprised a place navigation (reference memory) test consisting of 16 training trials (four trials per day for 4 days, with an inter-trial interval of 30-40 min). At the beginning of each trial, animals were placed in the water facing the wall at different starting positions (north, south, east, or west) and were allowed 60 s to find and 15 s to stay on the hidden platform. If the animal failed to locate the platform within 60 s, it was guided to and allowed to stay on the platform for 15 s. A video tracking system was used to record the swimming activity of each animal. Escape latency (i.e., time from placement into the water to staying on the platform) was recorded. On the fifth day (day 44), a spatial probe test was performed in which the platform was removed from the pool. The mouse was placed in the opposite quadrant and allowed to swim freely for 120 s. The number of platform crossings was recorded. Data were analyzed using motion-detection software designed for the MWM test (Shanghai Mobile Datum Information Technology Co., Shanghai, China).
Drug treatment
Hippocampal neurons were treated with the CDK5 inhibitor roscovitine (10 μM; Sigma-Aldrich, St. Louis, MO, USA, cat. no. R7772) and activator p35 (15 μM; Dharmacon, Lafayette, CO, USA), and ERK1/2 inhibitor U0126 (50 nM; Sigma-Aldrich, cat. no. U120). Cells in each group were treated for 72 h and then harvested for analyses. Dimethyl sulphoxide (DMSO) was used as a control.
Cell culture and treatment
Primary hippocampal neuronal cultures were established as previously described [19] . Briefly, the hippocampus was isolated from postnatal day 0 C57BL/6 mice pups, cut into small pieces, and then digested with 0.125% trypsin for 15 min at 37 °C. After trituration and centrifugation, cells were seeded in poly-dlysine (10 mmol/l)-coated 10-mm dishes at a density of 1 × 10 6 cells/ml and maintained in Neurobasal medium supplemented with 2% B27 and 0.25% Glumax (all from Gibco, Grand Island, NY, USA). After 3 days, 2.5 μg/ml cytosine arabinoside (Sigma-Aldrich) was added to the culture medium for 24 h to inhibit the proliferation of glia. Half of the total volume of medium was replaced every third day. Cells were maintained at 37 °C and 5% CO 2 for 14 days prior to experiments.
To mimic the conditions of sevoflurane anesthesia in vitro, the low-glucose Dulbecco's modified Eagle's medium used for hippocampal neuron cultures was replaced with glucose-free Neurobasal medium supplemented with 1% B27 and 2.78 mmol/l glucose. Cells were incubated with different concentrations of sevoflurane (0, 1%, 2%, 4%, and 6%) for 6 h with/without roscovitine (10 μM). The neurons were cultured under normal conditions for 24 h and were identified by immunocytochemical detection of enolase.
Western blot analysis
Cell and mouse hippocampal tissue lysates were separated in parallel on 10% denaturing sodium dodecyl sulfate polyacrylamide gels. Proteins were transferred to a nitrocellulose membrane that was blocked with 5% non-fat milk in 0.1% Tris-buffered saline with Tween-20 and incubated at 4 °C overnight with mouse monoclonal anti-CDK5 (1:100; cat. no. ab115812), anti-phospho-Y15 Tau (1:100; cat. no. ab133463), rabbit polyclonal anti-ERK1+ERK2 (1:100; cat. no. ab17942), and rabbit polyclonal anti-ERK1 (phospho Y204)+ERK2 (phospho Y187) (1:100; cat. no. ab47339), anti-phospho-S262 Tau (1:100; cat. no. ab64193) antibodies from Abcam (Cambridge, MA, USA). Anti-phospho-S112 PPARγ antibodies from Millipore (1:100; cat. no. 04-816), anti-PPARγ antibodies from Santa Cruz Biotechnology (California, USA) (1:100; cat. no. sc-7273). Anti-phospho-S133 CREB-1 antibodies (1:100; cat. no. sc-81486), anti-CREB-1 antibodies (1:100; cat. no. sc-58), anti-BDNF antibodies (1:100; cat. no. sc-546), anti-PSD-95 antibodies (1:100; cat. no. sc-71935), anti-Synapsin 1 antibodies (1:100; cat. no. sc-376623), anti-GSK-3β antibodies (1:100; cat. no. sc-71188), anti-phospho-S9 GSK-3β antibodies (1:100; cat. no. sc-24563), anti-Tau antibodies (1:100; cat. 
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
Animals were sacrificed and transcardially perfused with ice-cold phosphate-buffered saline (PBS) followed by 4% paraformaldehyde and the brain was removed and embedded in paraffin. Coronal sections (5 μm thickness) were cut and stained using a TUNEL kit (Roche, Basel, Switzerland) according to the manufacturer's protocol. TUNEL-positive apoptotic cells (dark brown) were observed by light microscopy and counted by an investigator blinded to the group assignment. A reticle was used to count cells in five areas of the same size in different locations. The counts were averaged and are presented as the density of TUNEL-positive cells for each animal. The fraction of apoptotic neurons in cultures was similarly determined with the TUNEL assay.
Cell viability assay
The effect of sevoflurane on hippocampal neuronal viability was evaluated with the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Neurons were treated with sevoflurane (0, 1%, 2%, 4%, and 6%) for 6 h and then seeded in 96-well microtiter plates for 24 h. At predetermined time points, 20 μl MTT were added to each well for 4 h. To determine the effect of CDK5 inhibition, 10 mM roscovitine was added before sevoflurane treatment. The medium was discarded, and 150 μl DMSO were added to each well for 20 min. Optical density (OD) at 492 nm was measured and the rate of inhibition of proliferation was calculated as (1 − OD of experimental group/OD of control group) × 100%. The experiment was repeated three times.
Immunocytochemistry
Hippocampal cells or tissue samples were incubated overnight with antibodies against neuron-specific enolase or CDK5 followed by fluorophore-conjugated secondary antibody for 1 h at room temperature in the dark. After several washes with PBS, samples were incubated with Hoechst33342 for 3 min and then mounted in glycerol and visualized under an epifluorescence microscope.
Statistical analysis
Continuous variables are presented as mean ± SD. Multiple comparisons were carried out by one-way analysis of variance using Prism v.5.0 software (GraphPad Inc., La Jolla, CA, USA). Differences with a P value ≤ 0.05 were considered statistically significant.
Results
Sevoflurane toxicity in primary cultured hippocampal neurons
After 9-14 days in culture, hippocampal neurons clustered and had good refractive power under an inverted microscope. The cell body was initially stellate before assuming a round, fusiform, or conical shape. Neuronal processes were apparent and a dense neuronal network eventually covered the culture dish (Fig. 1A) . A combination of neuron-specific enolase and Hoechst33342 staining identified the cells as hippocampal neurons (Fig. 1B) . The purity of the culture was confirmed by counting the number of neuron-specific enolasepositive cells per field/total cell number (Fig. 1B) . To assess the toxicity of sevoflurane to hippocampal neurons, cells were treated with varying doses of sevoflurane (0, 1%, 2%, 4%, and 6%) for 6 h and viability was determined with the MTT assay. Viability was reduced by treatment with sevoflurane concentrations greater than 1% (P < 0.001) and the effect was concentration-dependent. Exposure to 4% sevoflurane for 6 h reduced viability by almost 50% (Fig. 2A) .
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To further clarify the neurotoxic effects of sevoflurane, primary hippocampal neurons were double-stained with fluorescein diacetate/propidium iodide to detect apoptotic cells. The number of apoptotic cells increased with sevoflurane concentration (Fig. 2B ): exposure to 4% sevoflurane induced apoptosis in 20% of neurons (P < 0.001). A western blot analysis revealed that expression of the pro-apoptotic proteins caspase-3 and B cell lymphoma (Bcl)-2-associated X protein (Bax) increased with sevoflurane concentration, although no further changes were observed at concentrations higher than 4%. The anti-apoptotic protein Bcl-2 showed the opposite trend (Fig. 2C) .
ERK/PPARγ/CREB signaling is involved in sevoflurane induced neuronal damage
ERK-mediated PPARγ/CREB signaling plays an important role in neuronal apoptosis under conditions of stress [20, 21] . To determine whether the cytotoxic effects of sevoflurane are exerted via ERK/PPARγ/CREB signaling, cultured hippocampal neurons were pretreated with the PPARγ agonist rosiglitazone (5 μM) for 24 h before 4% sevoflurane treatment for 6 h, or with the ERK1/2 inhibitor U0126 (10 μM) for 24 h. Sevoflurane treatment suppressed ERK1/2, PPARγ, and CREB phosphorylation, whereas U0126 treatment inhibited the phosphorylation of PPARγ and CREB (Fig. 3A) . These results suggest that PPARγ and CREB activation via phosphorylation is regulated by ERK1/2. To clarify whether CREB is regulated (Fig. 5A) . On the other hand, roscovitine treatment abrogated the sevoflurane-induced activation of Tau/ GSK3β signaling (Fig. 5B) , as evidenced by reduced phosphorylation of Tau and increased phosphorylation of GSK3β at serine 9. Synapsin-1, BDNF, and PSD95 expression was also Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry upregulated by CDK5 inhibition (Fig. 5D) . Meanwhile, caspase-3 and Bax expression was decreased and Bcl-2 expression was increased under these conditions (Fig. 5C ). Consistent with these observations, immunofluorescence analysis showed a reduction in the apoptotic ratio by roscovitine treatment. These findings indicate that sevoflurane-induced cognitive impairment relative to CDK5 activation, and inhibiting CDK5 provides neuroprotection against the cytotoxicity of sevoflurane anesthesia.
CDK5 inhibition prevents sevoflurane-induced neuronal injury in vivo
We carried out a time-course experiment to analyze the effects of postnatal sevoflurane exposure in mice (Fig. 6) . Postnatal mice were exposed to 2.2% sevoflurane for 2 h per day on days 7, 8, and 9. The hippocampal tissue was harvested on days 10 and 45 for analysis.
Roscovitine treatment suppressed sevoflurane-induced CDK5 phosphorylation (Fig. 7A ) but increased PPARγ activation (Fig. 7B ) in the hippocampus, as determined by immunocytochemistry. These observations were confirmed by western blotting (Fig. 7G,  H) . Roscovitine induced CDK5, Tau and GSK3β activation inhibition reversed sevofluraneinduced neuronal apoptosis (Fig. 7C, I -L, Q-S), as evidenced by upregulation of Bcl-2 and downregulation of caspase-3 and Bax. In addition, roscovitine treatment abolished the suppression of synapsin-1, BDNF, and PSD95 expression resulting from sevoflurane exposure ( Fig. 7M-P) . These findings indicate that inhibiting CDK5 blocks Tau/GSK3β and activates ERK/PPARγ/CREB signaling in neurons in vivo and thereby prevents sevoflurane-induced apoptosis.
CDK5 inhibition abrogates sevoflurane-induced cognitive impairment
To assess the behavioral consequences of inhibiting CDK5 in sevoflurane-treated mice, spatial learning and memory were assessed with the MWM (Fig. 8A ). Mice exposed to sevoflurane showed longer escape latency than control animals. Furthermore, CDK5 suppression by roscovitine treatment decreased the percentage of time spent by mice in the target quadrant. During the spatial probe test, the number of platform crossings was decreased in the sevoflurane treatment group, but increased relative to controls upon roscovitine treatment (Fig. 8B) . Thus, blocking CDK5 activation reduces sevoflurane-induced cognitive impairment.
Discussion
Sevoflurane have been widely applied in clinical and exposed many problems [26] . The results of this study provide evidence for a novel mechanism underlying sevoflurane Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry induced cognitive function affects phosphorylation of all substrates listed including CDK5 (Fig. 9) . Sevoflurane anesthesia activates Tau/GSK3β signaling via CDK5, leading to neuronal apoptosis. The ERK/PPARγ/CREB signaling cascade, which normally exerts a protective effect in neurons, was inhibited by sevoflurane. CDK5 plays an important role in modulating the crosstalk between Tau/GSK3β and ERK/PPARγ/CREB pathways; inhibiting CDK5 activation by treatment with roscovitine blocked Tau/GSK3β signaling and abrogated the suppression of ERK/PPARγ/CREB, resulting in improved cognitive function. We previously showed that sevoflurane causes cognitive impairment in young mice by stimulating the apoptosis of hippocampal neurons. We also found that upregulation of phosphorylated ERK1/2 promotes neuronal survival [18] . In the present study, we found that ERK1/2 phosphorylation is regulated by CDK5 and is inhibited by sevofluraneinduced CDK5 activation, in agreement with a previous report [27] . Activated ERK1/2 can phosphorylate and activate PPARγ and CREB and thereby abrogate sevoflurane-induced, CDK5-mediated neuronal injury. PPARγ has anti-inflammatory, -oxidative, and -apoptotic properties [20, 28] . We found here that CDK5 activation promotes Tau phosphorylation and activates GSK3β signaling, which in turn enhanced neuronal injury and cognitive dysfunction caused by sevoflurane exposure [17] . We propose that inhibiting CDK5 has protective effects following sevoflurane exposure. Roscovitine treatment increased synapsin-1, BDNF, and PSD95 expression in hippocampal neurons, which may explain the observed improvement in cognitive function.
Learning and memory are complex processes that are influenced by many factors. Neuronal death via apoptosis can cause deficits in learning and memory consolidation. Anesthesia-induced cognitive impairment has been linked to neural apoptosis resulting from CDK5 activation in the central nervous system [29] [30] [31] . Thus, CDK5 is a potential therapeutic target for treating anesthesia-induced cognitive dysfunction, although additional studies are needed in order to verify the clinical relevance of the present findings.
Conclusion
In summary, our results provide insight into the mechanisms underlying the neurotoxicity of sevoflurane and can serve as a basis for the development of therapeutic approaches for mitigating the damaging effects of anesthesia in pediatric patients. 
